Introduction. Whilst the impact of changes in blood flow and shear stress on artery function
INTRODUCTION
It is well established that changes in arterial blood flow modify arterial diameter (2, 13, 14, 16, 19, (26) (27) (28) , strongly implicating luminal wall shear as a direct hemodynamic stimulus that alters arterial function and health. The role of other hemodynamic forces, in particular those associated with changes in arterial pressure, have been more difficult to isolate in humans.
Studies in animals suggest that acute elevations in arterial transmural pressure (or wall tension) induce smooth muscle contraction and reduce arterial diameter, whilst vasodilation is observed in response to acute reduction in transmural pressure (3, 7) . However, surprisingly little is known about the acute impact of elevations in blood pressure in humans in vivo, partly due to the confounding influence of concurrent changes in shear stress which typically accompany alterations in pressure. Stimuli that modify arterial (and hence transmural) pressure, such as cycle exercise, heating, tilt-procedures, also modify blood flow and shear (2, 23 ).
In the current study, we utilised unilateral handgrip exercise to induce elevation in blood pressure. This approach was not associated with changes in shear rate in the contra-lateral nonexercising arm, allowing us to isolate the impact of transmural pressure from that of shear rate in vivo. We also conducted a sub-study in which arterial diameters were determined alongside simultaneous measures of muscle sympathetic nerve activity (MSNA), to assess the potential impact of handgrip exercise on sympathetic nervous system activation. We hypothesised that step-wise increases in transmural pressure would induce arterial vasoconstriction, in keeping with previous animal and in vitro findings relating to the myogenic response.
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METHODS

Ethical Approval
All study procedures complied with the Declaration of Helsinki and were approved by the Human Research Ethics Committee at The University of Western Australia. All subjects provided written, informed consent before participation in this study.
Experimental Design
Study 1. Impact of different handgrip exercise intensities on brachial artery diameters.
Ten healthy male subjects (see table 1 ) volunteered to participate in this study. Subjects with pre-existing medical conditions and cardiovascular risk factors such as hypertension, hypercholesterolemia and type 1 or 2 diabetes, as well as those taking any medication were excluded from study participation.
All participants were familiarised with the protocol before taking part in the experimental sessions. During familiarisation, participants were required to complete an assessment of baseline maximal voluntary contractile (MVC) handgrip strength. This involved three maximal contractions, separated by 5 minute rest intervals, using a handgrip dynamometer. An average of these three contractions was used to calculate MVC, and the 30 minute exercise stimulus was set to a percentage of an individual's MVC, in accordance with the exercise condition.
Participants were then required to attend the laboratory on 3 separate occasions over a 2 week period, with a minimum of 48hrs between sessions. All sessions were conducted in a fasted state (>6hrs) (24) , and individuals were instructed to avoid strenuous exercise, alcohol and caffeine for >8 hours prior to arrival (24) . Upon arrival, participants lay supine on a bed for a 20 minute rest period before completing 30 minutes of unilateral handgrip exercise (HE) at 5, 10 or 15% MVC. Exercise was performed using isotonic contractions at a rate of 30 contractions per minute. The order of exercise intensity was randomised between subjects, In a subsequent experiment, the subjects listed above were invited back to the laboratory to complete a "time-control" experiment, where bilateral simultaneous assessment of brachial artery diameter occurred 30 minutes apart but in the absence of handgrip exercise, under identical laboratory conditions to those described above.
Study 2. Impact of handgrip exercise on muscle sympathetic nerve activity.
We recruited 9 healthy young male subjects (30±2yrs, 1.78±0.03m, 78±4kg) to undertake a sub-study involving common peroneal nerve microneurography to assess whether handgrip exercise performed at the highest intensity (15%MVC) for 30 minutes induced changes in muscle sympathetic nerve activity (MSNA). Details of the techniques used to perform and analyse the MSNA data are available in previous papers by our group (6, 20) . The data were blindly analysed by experienced investigators (PM, DH, MS), who deemed that the traces obtained during handgrip exercise were acceptable in 6 of these subjects. In 2 cases the initial placement of the electrodes was unsuccessful and a final subject experienced positional shoulder pain that invalidated the SNS data. The individual MSNA data from each of the remaining 6 subjects across the exercise period (3 minute bins), were assessed alongside
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Experimental Measurements
Assessment of brachial artery diameter and blood flow
After a 20 minute rest period, bilateral images of the brachial artery (distal third of the upper arm) were acquired using two identical 15 MHz multi-frequency linear array probe attached to high-resolution ultrasound machines (T3200, Terason, Aloka, UK). Optimal longitudinal Bmode images capturing the lumen/arterial wall interface, along with a continual Doppler velocity measures, were collected using the lowest possible insonation angle (<60 o C) and were kept consistent day-to-day (24) . Following image acquisition, a simultaneous one minute baseline (resting) recording of bilateral brachial artery diameter and velocity was conducted.
This process was repeated immediately following the 30 minute exercise intervention. In addition to resting diameter recordings, we continuously assessed both brachial artery diameter and blood flow/shear rate during the exercise stimulus with 1 minute recordings collected at 5 minute intervals.
Brachial artery diameter, blood flow and vascular resistance
Brachial artery diameter and velocity recordings were analysed for both the exercising and the non-exercising arm using custom designed edge-detection and wall tracking software, which is largely-independent of investigator bias (29) . Specific details of the analysis technique are described elsewhere (25) . Briefly, derivatives from the B-mode region of interest (ROI) and Doppler ROI were synchronized, which allowed for calculation of blood flow (the crosssectional area and Doppler velocity) and shear rate (4 times velocity divided by diameter) at
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We previously established (29) that analysis using this semi-automated method produces reproducible diameter calculations that are significantly better than manual methods, whilst also reducing observer error and producing an intra-observer coefficient of variation of 6.7%.
We used the same techniques to calculate brachial artery diameter, blood flow and shear rate during the 1 minute epochs every 5 minutes of exercise.
Statistics
Statistical analyses were performed using SPSS 22.0 (SPSS, Chicago, Illinois) software. All data are reported as means ± SE unless stated otherwise, and the statistical significance was Again, the factor 'time' was either; pre & post (2 levels) or 1 minute averages every 5 minutes during the exercise stimulus (7 levels). For the assessment of diameter responses during the exercise stimulus, changes in diameter from baseline ('time': 7 levels), were compared between arms in a 2-way repeated measures ANOVA. Finally, a one-way ANOVA was conducted for average MSNA burst incidence data across 'time' (8 levels). Post hoc analysis was performed using the least significant difference (LSD) method.
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RESULTS
Study 1. Impact of different handgrip exercise intensities on brachial artery diameters. Blood Pressure (BP).
Mean arterial BP was elevated throughout exercise and significantly higher at the highest exercise intensity ('time*intensity': P<0.01, Figure 1 ). Diastolic BP also increased during exercise in an exercise intensity-dependent manner, with highest values of BP observed at 15%
MVC ('time*intensity': P<0.01, Figure 1 ). Both systolic BP and pulse pressure increased with exercise ('time': P<0.01 and P=0.02 respectively), but this increase was not statistically different between the exercise intensities ('time*intensity': P=0.06 and P=0.83, Figure 1 ).
Heart rate increased significantly during exercise, with higher values observed at the higher exercise intensities ('time*intensity': P<0.01, Figure 1 ).
Shear Rate (SR).
Non-exercising arm. Mean SR was not altered in the non-exercise arm across the exercise bouts, irrespective of the intensity ('time*intensity': P=0.32, Figure 2) . Similarly, antegrade and retrograde SR in the non-exercising arm remained unchanged when exercise was performed in the opposing limb ('time*intensity': P=0.42 and P= 0.72 respectively).
Exercising arm. Mean and antegrade SR increased significantly and remained elevated across duration (30 minutes) of exercise ('time': both P<0.01, Figure 2 ). In addition, the exerciseinduced elevation in mean and antegrade SR was higher with increasing exercise intensity ('time*intensity', both P<0.01, Figure 2 ). Retrograde SR was significantly reduced with exercise duration, but this reduction was not significantly different between exercise intensities 
Exercising vs non-exercising arm. When comparing the simultaneously measured diameter
responses between arms pre vs post exercise, a significant time*arm interaction-effect was observed at 15% MVC (P<0.01). Post hoc analysis revealed that at 15% MVC, post-exercise diameter was increased in the exercising arm (P=0.01) and a significant reduction was found for the post-exercise diameter in the contra-lateral non-exercising limb (P=0.01). Forearm vascular resistance data for both arms are presented in Figure 3 . A significant difference was apparent between the arms in terms of the change in forearm vascular resistance from baseline
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Study 2. Impact of handgrip exercise on muscle sympathetic nerve activity.
In this sub-study, unilateral handgrip exercise performed at the highest exercise intensity (15% MVC) for 30 minutes resulted in a significant elevation in both mean arterial pressure (time effect P<0.01, Figure 4 ) and heart rate (time effect P<0.01). Also in keeping with the results of study 1, mean and antegrade SR increased significantly in the exercising arm, a finding which was not observed in the contra-lateral non-exercising limb (time*arm interaction
P<0.001).
In addition, retrograde SR was reduced across the exercise duration in the exercising arm but remained unchanged in the non-exercising limb (time*arm interaction P<0.001).
During the exercise stimulus, brachial artery diameter expressed as a percentage change from baseline increased in the exercising limb, but decreased in the non-exercising limb (time*arm interaction P=0.02, Figure 5A ). These data are entirely consistent with the findings in the 10 distinct subjects examined in study 1, with a significant increase in the exercising arm and a significant decrease in the non-exercising limb (time*arm interaction P=0.005, Figure 4 ).
Muscle sympathetic nerve activity (MSNA) remained unchanged across the duration of exercise (time effect P=0.14, Figure 5B ).
DISCUSSION
In this study we adopted an approach that allowed us to examine the impact of increases in transmural pressure on conduit artery function in vivo. We found, in healthy normotensive subjects, that increases in transmural pressure reduced brachial artery diameter. The contraAtkinson et al.
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Page 11 of 27 lateral exercising arm, which was exposed to similar changes in arterial pressure but also increases in arterial shear stress, demonstrated significant increases in diameter. We found no evidence for changes in sympathetic nerve activity in response to handgrip exercise. These observations suggest that exercise-induced elevations in shear rate mitigate the effects of elevations in transmural pressure on arterial diameter in humans and provide a novel insight into the impact of increases in blood pressure and hence transmural pressure on the vasculature in healthy normotensive humans.
Previous in vitro and animal studies have used experimental protocols that alter transmural pressure in order to examine direct effects on the contractility of vascular smooth muscle (7).
These studies suggest that the "myogenic" response is intrinsic to smooth muscle and not dependent upon the endothelium (5, 22) and that the magnitude of response is influenced by the presence of Ca 2+ (11) and norepinephrine (12) . Many of these studies have relied upon approaches whereby changes in pressure are applied to isolated vessel preparations. To date, the effects of blood pressure on arterial vasomotor activity in intact humans have been difficult to assess, since manipulation of blood pressure is typically accompanied by elevations in blood flow and shear rate (2, 23), which have countervailing impacts of artery function. In the present study we induced step-wise increases in arterial pressure, without affecting shear rate in the inactive limb, using different "doses" of unilateral handgrip exercise. Exercise at 15% MVC significantly increased blood pressure whilst decreasing conduit artery diameter in the inactive limb, in the absence of changes in shear. We believe this response was as a result of myogenic constriction, since no changes in sympathetic nerve activity were observed during handgrip exercise.
Atkinson et al. Although we cannot entirely exclude a certain degree of sympathetic activation during the level of handgrip exercise applied in the present study, the MSNA data we obtained suggest that on average no systemic increase was apparent at 15% MVC sustained for 30 minutes. The intensities of handgrip exercise we employed were not particularly intense and did not induce large increases in heart rate (<70 beats/min). This is well below 100 bpm, beyond which it is thought that significant sympathetic stimulation occurs during exercise (18) . In other human based experiments, it was concluded that rhythmic handgrip exercise (30 mins at 25% MVC)
does not evoke metaboreflex responses or large changes in skeletal muscle metabolites (1).
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More recently, Ray et al. reported that MSNA increased in response to rhythmic handgrip exercise at levels of exercise intensity that appear to be much higher than those used in our experiment (17) , notwithstanding the difference between these experiments in terms of exercise duration.
In conclusion, our findings indicate that acute exposure to elevations in transmural pressure, in the absence of changes in arterial shear rate; induced via a novel unilateral handgrip model, lead to a reduction in arterial calibre in humans. This novel in vivo, observation of reduced diameter following arterial pressure elevation appears to be negated by exercise-induced elevations in shear rate, reinforcing the important role played by the endothelium and it's detection of shear stress in vivo.
